We present a first-principles calculation of the electronic structure near an antiphase boundary ͑APB͒ in magnetite, with the shift vector along the ͓110͔ direction and a ͕110͖ boundary plane. We have first used the local spin-density approximation to calculate the ground-state energy of a supercell with two magnetite grains separated by an APB, and found that this energy is lower when magnetite grains are coupled ferromagnetically. The LDA+ U approximation has later been used for an accurate description of the density of states near the boundary. Results show that localized electron states can exist in the vicinity of the structural defect. We give a clear description of the dispersion of these APB states.
I. INTRODUCTION
During the last 20 years, an intense research activity has been focused on the discovery of new magnetic materials for spintronic devices. Magnetic oxides could particularly be interesting for this purpose: they present a wide variety of electronic structures and magnetic behaviors, and could be used either as magnetic insulating barriers in spin filters, or as magnetic electrodes in magnetic tunnel junctions ͑MTJs͒. This is, for instance, the case of magnetite Fe 3 O 4 , which is ferrimagnetic and half metallic above the Verwey temperature ͑T V = 120 K͒, 1 and becomes an insulator below T V . 2, 3 The half-metallic behavior of magnetite is preserved up to the high Curie temperature T C = 858 K. MTJs using magnetite electrodes should consequently possess exceptional magnetoresistive effects at temperatures well above room temperature.
Transport and magnetic properties of spintronic devices using magnetite layers are unfortunatly strongly affected by the structural defects of this oxide. The most common structural defects, which appear in spinel ferrites such as magnetite, are the so-called antiphase boundaries ͑APBs͒. 4, 5 APBs are two-dimensional structural defects in which atoms located on both sides of the boundary are linked by a shift vector which differs from a lattice vector. These defects exist in bulk samples. They also arise during the growth of thin magnetite layers on a crystal substrate. The characteristics of the APBs depend in this case on the nature of the substrate and on the growth conditions. APBs can exist with seven different shift vectors in magnetite. 6, 7 They have been observed by transmission electron microscopy and by scanning tunneling microscopy. 8 Eerenstein et al. have measured the proportion of APBs corresponding to each of the seven different shift vectors and determined the orientation of the APBs as a function of their shift vector. 9, 10 When magnetite is grown on a MgO͑001͒ substrate, the shift vectors ͑1 / 4͒a 0 ͓110͔, ͑1 / 4͒a 0 ͓110͔, and ͑1 / 2͒a 0 ͓100͔ have been observed, where a 0 is the lattice parameter of magnetite. These shift vectors are all contained in the plane of the magnetite films. The first two of these vectors ͑and the corresponding APBs͒ are equivalent and they are perpendicular to the APB layer. The consequences of APBs on magnetic and transport properties have been studied in details during the recent years. The global magnetic coupling between two magnetite domains separated by an APB can be either ferromagnetic or antiferromagnetic, depending on the direction and on the shift vector of the APB. Goodenough 12 and Kanamori 13 have proposed general laws which explain the microscopic origin of this coupling: these authors have described the magnetic coupling as a function of the distance between atoms ͑Fe and oxygen in our case͒, and as a function of the angle between chemical bonds. These laws can, in principle, be used to predict the nature of the magnetic coupling for a given APB. In practice, however, such predictions may be complicated because several chemical bonds, which favor opposite magnetic coupling, must be considered for a given APB. According to the laws of Goodenough and Kanamori, Celotto and Eerenstein have suggested that magnetite grains are ferromagnetically coupled across an APB, when the APB is in a ͕100͖ plane. 9, 10 The coupling becomes antiferromagnetic when the APB is in a ͕310͖ plane. Ferromagnetic or antiferromagnetic coupling can both exist for ͕110͖͑1 / 4͒a 0 ͓110͔ APBs, depending on the influence of all the APBs which are delimitating the magnetite grains under consideration. Margulies used the same laws to study the same APBs, but obtained different conclusions than that of Eerenstein, on the magnetic coupling across these APBs. 7 The magnetic coupling between grains across an APB has a strong influence on the macroscopic magnetic behavior of magnetite samples. It is, for instance, more difficult to saturate an epitaxial film than a bulk magnetite crystal, 7 and the saturation magnetization has been found lower for ultrathin films than for bulk samples. 14, 15 The reason for this difference has been attributed to the larger number of APBs in thin films. 7 Finally, epitaxial Fe 3 O 4 films can exhibit a superparamagnetic behavior for thicknesses below 5 nm, where the size of the domains becomes very small. 16, 17 Antiphase boundaries also have a great influence on the transport properties of magnetite samples: the electric resistance, which is expected to be high across a single APB with antiferromagnetic coupling, increases strongly when many APBs are present in the sample. 6 First-principles calculations based on the densityfunctional theory have been performed to calculate the electronic structure of bulk Fe 3 O 4 . The local spin-density approximation ͑LSDA͒ and the generalized gradient approximation have been used to study the high-temperature cubic phase of magnetite, [18] [19] [20] [21] [22] confirming the half metallicity of this oxide. The first-order metal-insulator Verwey transition which occurs at T V has been studied with more elaborated methods like the self-interaction corrected local spindensity approximation 23 or the LDA+ U method. 24, 25 These methods have also been used to calculate the density of states ͑DOS͒ for the high-temperature phase of magnetite with correct values for the band gaps. 26, 27 These calculations only concern bulk magnetite crystals. Results on the electronic structure near structural defects in magnetite cannot be found in the literature. Information on the electronic structure near antiphase boundaries would actually be very useful to understand the physical properties of true magnetite samples in which the transport and magnetic behavior can be strongly affected by APBs.
In this paper we have used the first-principles LSDA and LDA+ U methods to calculate the electronic structure near the APB ͕110͖͑1 / 4͒a 0 ͓110͔ in the high-temperature cubic phase of magnetite. The density of states near this structural defect is compared to values calculated for bulk magnetite. Our paper is organized as follows. In the Sec. II we will describe the computational methods and the supercells which have been used for the calculations of the electronic structure. In Sec. III, we describe the electronic structure in the vicinity of a ͕110͖͑1 / 4͒a 0 ͓110͔ APB. We finally conclude in Sec. IV.
II. DESCRIPTION OF THE SUPERCELL AND COMPUTATIONAL DETAILS
The simplest supercell which we have used for the calculation of the electronic structure in the vicinity of the APB ͕110͖͑1 / 4͒a 0 ͓110͔ contains ten ͑110͒ atomic layers and is represented in Fig. 1 . The first four and the last four atomic layers of the supercell shown in Fig. 1 are organized with the same stacking as in the high-temperature phase of bulk magnetite ͑inverse spinel structure with space group Fd-3m and lattice parameter a 0 = 0.8397 nm͒. These layers correspond to two periods of Fe 3 O 4 in the ͓110͔ direction, and form a face-centered cubic lattice of oxygen atoms with iron atoms located in 1/8 of the tetrahedral and half of the octahedral atomic sites ͑respectively, Fe A and Fe B atoms͒ according to the formula ͓Fe
Fe A atoms are antiferromagnetically coupled to Fe B atoms. This magnetic coupling is dominant in bulk magnetite. The atomic layers with bulklike stacking are followed by atomic layers which contain the APB. The oxygen-atom tetrahedra and slightly distorted octahedra surrounding iron atoms are the same as in bulk magnetite, except in the APB layer shown in Fig. 1 in which the 0.0039 nm buckling of oxygen atoms has been suppressed for symmetry reasons. This supercell contains 18 nonequivalent atoms and has a size of a 0 , a 0 ͱ 2 , and 5a 0 2 ͱ 2 in the directions ͓001͔, ͓110͔, and ͓110͔, respectively. The supercell is large enough to avoid artifactual interaction between APBs in adjacent cells, separated by a distance of 1.48 nm. This supercell has been used to calculate the electronic structure of a ͕110͖͑1 / 4͒a 0 ͓110͔ APB with ferromagnetic coupling across the APB with the LSDA and the LDA+ U approximations.
We have also used a supercell with 33 nonequivalent atoms and a size of 2.97 nm in the ͓110͔ direction. It contains two APBs separated by a distance of 1.48 nm, and has been used to compare the electronic structure of a ͕110͖͑1 / 4͒a 0 ͓110͔ APB with ferromagnetic coupling and antiferromagnetic coupling across the boundary. This comparison is, however, time consuming and has only been done with the LSDA approximation. For the same reasons, we have not tried to optimize the atom coordinates in the supercells by minimizing the forces, but we checked that these forces are reasonably small.
The calculations have been done with the full potential linearized augmented plane wave code WIEN2K, 28 within the LSDA and LSDA+ U approximations. We have chosen atomic sphere radii which minimize the volume of the interstitial area between atomic spheres: the radius is of 1.9 a.u. for Fe A atoms, 2.3 a.u. for Fe B atoms, and 1.4 a.u. for oxygen atoms. The size of the basis which has been used to calculate the one-electron wave function depends on the parameter Rk max : we have used Rk max = 7.0 with the smallest supercell and Rk max = 6.0 with the biggest one. The LSDA+ U calculation consists in applying an orbital-dependent correction which depends on a parameter U. This correction enables to take into account the strong correlation between d electrons and to try to cancel the self-interaction. 29, 30 We have used the values of U = 4.5 eV and J = 0.56 eV which have been proposed by Anisimov 25 and Novák, 26 for the d orbitals of iron atoms. The irreducible wedge of the first Brillouin zone was sampled with 72 k vectors for all the calculations based on We have used the LSDA approximation to understand how the electronic structure depends locally on the nature of the magnetic coupling across the APB. This study has been performed with the largest supercell, which contains two APBs and two different magnetic domains which can be coupled either ferromagnetically or antiferromagnetically. The DOS near the APB which have been calculated for the two different magnetic coupling scenarios is compared to the DOS of bulk magnetite in Fig. 2 . Our results confirm that bulk magnetite is a half metal, in agreement with earlier calculations using the LSDA approximation. [18] [19] [20] [21] [22] This can be seen in the upper part of Fig. 2 , which shows that the metallic behavior of bulk magnetite is only due to minority spin electrons, while the Fermi energy corresponds to the bottom of a 0.39 eV energy gap for majority-spin electrons.
The half-metallic character is preserved in the vicinity of the APB in the case of a ferromagnetic coupling across the boundary, as shown in the central part of Fig. 2 . In this case, however, the electronic structure is considerably modified in the vicinity of the structural defect. The width of the valence bands increases, and the energy gap for the majority and the minority spin are considerably smaller near the APB than in bulk magnetite. The majority-spin gaps at −1.8 eV below E F and at the Fermi energy are, for instance, respectively, reduced from 0.53 to 0.17 eV and from 0.39 to 0.22 eV near the APB. In the same way, the minority spin-energy gaps at −2.96 eV and +1.22 eV are, respectively, lowered from 0.18 and 0.36 eV to 0.12 and 0.26 eV, while the small gap at −0.57 eV disappears at the boundary ͑the DOS is small but finite at this energy͒. The lowering of the energy gap near the APB which can be observed in Fig. 2 is due to electron states which are localized near the structural defect and cannot be coupled to the bulk states which exist on both sides of the boundary. Some of these APB states can be observed in Fig.  2 at energies inside the gap of bulk magnetite ͑mostly between −2.07 and −1.53 eV, between the Fermi energy and +0.34 eV, or above +1.94 eV for majority spin; between +1.04 and 1.40 eV or above 2.56 eV for minority spin͒.
Half metallicity is destroyed in the vicinity of the APB in the case of an antiferromagnetic coupling across the boundary. This can be seen in the bottom part of Fig. 2 in which all the energy gaps, including the gap at the Fermi energy, disappear at the boundary. The APB states which exist at the Fermi energy mainly involve oxygen and Fe B atoms. The densities of majority-and minority-spin states are equal when the contributions of all the atoms are taken into account, because the supercell contains two identical magnetic domains which are coupled antiferromagnetically. The lowest part of Fig. 2 does not include all the atoms of the supercell, but only those in the APB layer and in the first atomic layer on the left-hand side of the APB. This is the reason why the majority-and minority-spin DOS are different in this figure.
The ground-state energy of the supercell which contains two APBs and two magnetic domains is found 1.35 eV lower for the ferromagnetic than for the antiferromagnetic coupling. This energy difference only represents 6 ϫ 10 −5 % of the ground-state energy of the supercell. It corresponds to an energy difference of 0.675 eV per surface We have performed a LSDA+ U calculation of the electronic structure in the vicinity of the ͕110͖͑1 / 4͒a 0 ͓110͔ APB. The calculation has been done with the 1.48 nm width supercell, assuming that the magnetic coupling across the boundary is ferromagnetic. The total DOS for a Fe 3 O 4 formula unit in the vicinity of the APB is compared in Fig. 3 to the DOS calculated for bulk magnetite. The LSDA+ U calculation confirms the half-metallic behavior of bulk magnetite. The majority-spin energy gap calculated with the LSDA+ U approximation near the Fermi energy is, however, For the three different systems, the upper and lower curves, respectively, correspond to the DOS for majority spin and to the DOS for minority spin ͑multiplied by −1͒. The DOS near the APB includes contributions from atoms in two atomic layers: the APB layer itself and one of its firstneighbor layers. The three curves describe the same number of magnetite formula units.
larger than that obtained with the LSDA ͑1.61 eV instead of 0.39 eV͒. The position of the Fermi level inside this energy gap also depends on the approximation: the Fermi energy is, respectively, located at the top and at the bottom of the energy gap for the LSDA+ U and the LSDA calculations.
As for the LSDA calculation, the APB is responsible for the existence of localized electron states. These APB states appear as DOS peaks which do not exist in bulk magnetite. Some of these states can easily be identified because their energies are located in one of the energy gaps of bulk magnetite. This is, for instance, the case of the minority spin small peak near −0.81 eV and continuum of states between −2.25 and −2.05 eV, see vertical arrows in Fig. 3 . These APB states involve different kinds of atoms in the vicinity of the boundary, as shown in Fig. 4 . The minority-spin DOS feature which appears just above −2.25 eV involves chemical bonds between Fe A and oxygen atoms, while the peak near −0.81 eV is due to Fe B and oxygen atoms near the structural defect. The majority-spin DOS peaks at 1.56 and 1.80 eV involve Fe A and oxygen atoms, while the minority spin peak near 2.61 eV is built from d orbitals of Fe B atoms and p orbitals of oxygen atoms. These three peaks which correspond to a linear combination of d orbitals of iron and p orbitals of oxygen atoms also correspond to APB states, even if they are not really located in an energy gap: they are in the same energy range as dispersive bulklike bands which give a very small contribution to the total DOS in Fig. 3 ; these bulklike bands are a linear combination of sp orbitals of Fe B and oxygen atoms.
The band structure of the supercell is represented in Fig. 5 for Bloch vectors along two directions of the APB plane. This figure shows the dispersion of the localized APB states along the directions ͓110͔ and ͓001͔ of the magnetite grains on both sides of the boundary. The DOS peaks near 1.80 eV for majority spin and near 2.61 eV for minority spin, are, respectively, due to flat bands with energies between 1.5 and 1.9 eV ͑for majority spin͒ and between 2.4 and 2.7 eV ͑for minority spin͒. The Bloch states which are responsible for these flat bands involve oxygen and Fe d atomic orbitals. They cross a bulklike dispersive band ͑near the center of the Brillouin zone for majority-spin electrons͒ which is built from Fe sp orbitals. The minority-spin DOS peaks just above −2.25 eV and near −0.81 eV are due to bands which show a stronger dispersion in the ͓110͔ than in the ͓001͔ direction.
We have checked that the electron states induced by APBs are strongly localized in the vicinity of these structural defects. An example of the strong localization of the APB states is shown in Fig. 6 . This figure shows the electron density which corresponds to the minority-spin state with energy −0.91 eV at the center of the Brillouin zone ⌫. The electron density is represented in two different planes which are perpendicular to the APB plane: the ͑001͒ plane which contains Fe B atoms of the APB layer ͑top figure͒ and the ͑001͒ plane which contains Fe B atoms first neighbors of the APB. The electron density is nearly ten times higher in this later plane, because this APB state mainly involves d atomic orbitals from the Fe B atoms in the first two atomic layers on both sides of the APB.
The spin magnetic moments are slightly modified in the vicinity of the APB, with a small enhancement of only 0.26% and 0.98% for the Fe A atoms and Fe B atoms the closest from the APB. The magnetic moment of oxygen atoms is smaller than that of Fe atoms, but increases at the APB layer.
We have observed that the number of valence electrons located inside the different Fe B atomic spheres slightly de- pends on the distance between these atomic spheres and the APB layer. The number of majority-spin valence electrons is successively +0.098%, −0.15%, +0.064%, −0.17%, +0.012%, and −0.18% higher than in bulk magnetite when the position of the Fe B atom changes from the APB layer to the center of the magnetite slab. This small charge order along the ͓110͔ direction ͑the only direction in which a charge order can appear with the unit cell which has been used͒ is only due to the presence of the boundary. This has been checked with a bulk calculation based on a unit cell with two nonequivalent ͑110͒ atomic layers containing Fe B atoms: the bulk ground state calculated with the LDA+ U approximation does not show any charge order in this case. The number of minority-spin valence electrons in the Fe B atomic spheres only changes near the APB and does not show a significant charge order far from the APB.
IV. CONCLUSION
We have calculated the electronic structure in the vicinity of the ͕110͖͑1 / 4͒a 0 ͓110͔ antiphase boundary in magnetite. The LSDA approximation has first been used to compare supercells with a ferromagnetic and an antiferromagnetic coupling across this APB. Ferromagnetic coupling is found more stable than antiferromagnetic coupling with a groundstate energy difference of 1.35 eV/ nm 2 between the two situations. The calculations have also shown that half metallicity is preserved in the APB layer in the case of a ferromagnetic coupling. This point has further been confirmed by a LSDA+ U calculation. The density of states which has been calculated with this approximation shows that minority-and majority-spin localized electron states can exist in the vicinity of the boundaries. These APB states are built from d orbitals of Fe atoms and p orbitals of oxygen atoms and have energies with respect to the Fermi energy, near −2.1, −0.8, and 2.6 eV for minority spin and near 1.6 and 1.8 eV for majority spin. The dispersion of these states has been described in details. The numbers along the ͓110͔ direction correspond to the successive ͑110͒ atomic layers on both sides of the APB ͑the APB layer being at position 0͒.
